Abstract: Reversible addition fragmentation chain transfer (RAFT) polymerizations of styrene in fluid CO 2 have been carried out at 80°C and 300 bar using cumyl dithiobenzoate as the controlling agent in the concentration range of 3.5·10 -3 to 2.1·10 -2 mol/L. This is the first report on RAFT polymerization in fluid CO 2 . The polymerization rates were retarded depending on the employed RAFT agent concentration with no significant difference between the RAFT polymerization performed in fluid CO 2 and in toluene. Full chain length distributions were analyzed with respect to peak molecular weights, indicating the successful control of radical polymerization in fluid CO 2 . A characterization of the peak widths may suggest a minor influence of fluid CO 2 on the addition reaction of macroradicals on the dithiobenzoate group.
Introduction
Reversible addition fragmentation chain transfer (RAFT) polymerization [1] [2] [3] , along with other equally important living radical techniques, such as nitroxide-mediated polymerization (NMP) [4] and atom transfer radical polymerization (ATRP) [5, 6] , has revolutionized radical polymerization as it allows for the controlled generation of complex macromolecular architectures such as comb-, block-and star-(co)polymers with narrow polydispersities and controlled molecular weights. It is the unique versatility of the RAFT process with respect to polymerization conditions and monomer systems and its ability to generate the above mentioned architectures that makes it a highly attractive method to generate novel materials with unsurpassed properties that otherwise would not be obtainable. The controlling agents used in most RAFT polymerizations are dithio compounds, which have been developed in great structural variety with respect to their stabilizing Z-group and leaving R-group (see Scheme 1) .
While the synthetic potential of the RAFT process is well developing, a complete mechanistic and kinetic picture is less rapidly emerging. A detailed understanding of the RAFT process is, however, essential to develop strategies for rational RAFT agent design that allows for the formation of very uniform polymeric material with only negligible additional side products.
The mechanism of the living radical RAFT polymerization employing dithio compounds involves two important equilibrium reactions that are superimposed on a conventional radical polymerization. In the early stages of polymerization the growing macroradicals react with the RAFT agent 1 (see Scheme 1) , generating the intermediate radical 2 followed by decomposition of this species by formation of the polymeric RAFT agent 3 and the leaving group radical R
• . This so-called pre-equilibrium reaction, described by four rate coefficients, may be simplified by an overall transfer step involving the initial RAFT agent 1 as transfer agent (see Scheme 1) .
Despite all the efforts that have been undertaken by various research groups, no coherent picture of the RAFT mechanism has emerged yet with respect to the main equilibrium of the RAFT process (see Scheme 1) . There has been a lively discussion about the involved rate coefficients, which govern the concentration and the average lifetime, respectively, of the radical intermediate 4. According to the presently accepted kinetic picture of the mechanism, this intermediate species is formed by reaction of free macroradicals with polymeric RAFT agent 3 with a rate coefficient k β . The intermediate RAFT radical (species 4) in turn fragments to either side by releasing a macroradical and a polymeric RAFT agent with the rate coefficient k -β . Besides this fragmentation reaction, the fate of radical 4 in the polymerization process is subject of ongoing research.
Simplified pre-equilibrium:
Pre-equilibrium:
Main equilibrium: Scheme 1. The fundamental reactions of the RAFT process: Pre-equilibrium, simplified pre-equilibrium (initial transfer step) and main equilibrium
The majority of research groups investigating the RAFT process observed with several RAFT systems both rate retardation (i.e., a decrease in the overall rate of polymerization, R p , with increasing initial RAFT agent concentration up to high conversions) and inhibition (i.e., a time period without any polymerization at early reaction times, with the size of this effect depending on the initial RAFT agent concentration). Such effects -while impeding synthetic efforts -contain valuable mechanistic information about the process. Whereas inhibition phenomena where attributed to the pre-equilibrium [7] , possible explanations for the rate retardation effect include: (i) Rate retardation may be explained by relatively slow fragmentation of the RAFT radical intermediates 2 and 4 in Scheme 1 or -alternatively and/or complementary -(ii) by the irreversible termination of species 2 and 4 with other radicals present in the system (see Scheme 2).
Evidence has been collated to underpin both theories, e.g., via electron spin resonance spectroscopy [8, 9] , computer-based modelling strategies [10] [11] [12] , the observation of intermediate species and their possible termination products [13] [14] [15] , or through high-level ab initio molecular orbital calculations [16] , with the experimental outcomes apparently supporting either mechanism. In an attempt to harmonize the apparent contradictory experimental results gathered by the scientific community, a reversible intermediate termination reaction was hypothesized [17] (see Scheme 2), which basically says that the intermediate RAFT radical 4 in Scheme 1 is resonancestabilized if Z is phenyl or naphthyl with the radical site being delocalized over the aromatic system. The stability of the resonance-stabilized radical should allow for reversibility of the termination reaction. However, this theory has yet to be verified. In an attempt to further elucidate the RAFT mechanism it seems rewarding to perform polymerization experiments in fluid carbon dioxide. Fluid CO 2 as a solvent for radical polymerization has been demonstrated to be a promising alternative reaction medium for the synthesis of polymers [18] . It is non-toxic, non-flammable, relatively inexpensive, naturally abundant, and generally regarded as safe. Because CO 2 is an ambient gas, it can be easily separated from the polymer by depressurizing the reaction vessel making it very attractive for use in synthesis of industrially important polymers. Besides being environmentally benign, it offers interesting properties for detailed investigations into polymerization kinetics and into the associated mechanisms. In particular, the significant reduction in viscosity of the reaction mixture is attractive for studying diffusion-controlled reactions, such as termination. Royer et al. [19] , e.g., reported a decrease in viscosity of polymer systems of close to one order of magnitude when 20 wt.-% of fluid CO 2 were added. For styrene polymerizations carried out in the presence of fluid CO 2 an increase of the termination rate coefficient by around one order of magnitude was observed [20] , impressively demonstrating the influence of system mobility on the diffusion-controlled termination reaction. In contrast, the rate coefficient of the chemically controlled propagation reaction, k p , remains unchanged [21] .
We performed cumyl dithiobenzoate (see Scheme 3) mediated styrene polymerizations -which are known to be significantly rate-retarded [10, 22] -in fluid CO 2 . The ability of fluid carbon dioxide to strongly increase the diffusivity of components in a polymerization system provides a tool to independently influence diffusion-controlled reactions: Besides the conventional termination reaction between two growing macroradicals, which is reported to be enhanced in fluid CO 2 , possible reversible and/or irreversible termination reactions involving the RAFT intermediate radical 4 (either reacting with itself or with a growing macroradical) are expected to be enhanced by the strongly decreased viscosity in a similar manner, if they are diffusioncontrolled. However, considering a kinetic scheme in which the RAFT intermediate radical only terminates with a growing macroradical [29] , the retardation effect is dependent on the ratio of the intermediate to the conventional termination rate coefficient. Simultaneous enhancement of both these termination reactions may, therefore, not alter the retardation effect. A change of the retardation effect within this kinetic framework may only be envisaged if the viscosity dependencies of the two termination rate coefficients are different.
In addition, the increased diffusivity in the RAFT polymerization system when using CO 2 as the solvent may influence the addition reaction of the growing macroradicals, if this reaction is fast enough to be considered diffusion-controlled. An enhanced addition rate of radicals to the dithio compound may be determined via the peak widths of the resulting polymer. Within the scope of this communication we want to investigate cumyl dithiobenzoate (CDB) mediated styrene polymerization in fluid CO 2 as the solvent in order to demonstrate the general applicability of fluid carbon dioxide as a solvent for RAFT polymerizations and to derive mechanistic information.
Results and discussion

Rate of polymerization
In order to obtain information on the rate retardation effect in CDB-mediated styrene polymerization, we performed polymerization experiments in fluid CO 2 at 80°C and 300 bar using different concentrations of RAFT agent (
To effectively isolate the kinetic influence of CO 2 on the RAFT process, we performed the polymerization in a duplicate manner, employing a pair of samples that contained identical concentrations of styrene as the monomer, AIBN as the initiator and CDB as the mediating RAFT agent, but either toluene or fluid CO 2 as the solvent. It should be noted that the amount of solvent -i.e., toluene or CO 2 -for either sample was added on a volume base (22 vol.-%) in order to obtain identical molar concentrations of all the participating compounds for both the CO 2 and the toluene system. Toluene was used as the reference solvent due to its structural similarity to styrene. The rate of polymerization, R p , was obtained via differentiation of the initial part (0 to 60 min) of conversion vs. time plots recorded via on-line FT/NIR spectroscopy. Experimental rate data for different CDB concentrations in both toluene and fluid CO 2 are depicted in Fig. 1 . (It should be noted that the inhibition effect observed in CDB-mediated RAFT systems was not determined systematically for this study, because the highpressure experimental set-up does not easily allow for a sufficiently accurate polymerization rate measurement in the early polymerization stage.) Ad (i): The decrease in the overall polymerization rate, when going from a conventional solvent (toluene in this study) or bulk to a fluid carbon dioxide system, was reported earlier for styrene polymerizations and has been attributed to an enhanced termination rate in CO 2 systems [20] because k p was found to remain unchanged when fluid CO 2 was used as the solvent. Fig. 1 includes the conventional polymerization rate (i.e., [RAFT] = 0) in both toluene and fluid CO 2 .
Ad (ii): The R p data as a function of RAFT agent concentrations are presented in a logarithmic plot in accordance with an earlier suggested method to quantify the rate retardation effect in RAFT polymerizations [22] . A so-called ρ-parameter quantifies the relative decrease in the rate of polymerization:
The retardation parameter was found to be independent of the initial RAFT agent concentration -at least in the examined concentration regimes -i.e., the ln R p vs.
[RAFT] plots are linear. It can be immediately concluded that the rate retardation in CDB-mediated styrene polymerization is not restricted to very high RAFT agent concentrations as was reported earlier [23] , but constitutes an intrinsic mechanistic effect. It should be noted that the linearity of such plots is not based on any kinetic theory, but is an empirical feature that enables quantification of rate retardation phenomena. The evaluated retardation parameters are: ρ tol = (27.9 ± 5.5) L/mol and ρ CO ² = (33.9 ± 6.5) L/mol. Inspection of Fig. 1 and the evaluated retardation parameters tends to suggest a very small effect of fluid CO 2 on the rate retardation in CDB-mediated styrene polymerization. The (slightly) increased ρ-value when using CO 2 as the solvent in comparison to the toluene system may be evidence for either different viscosity dependencies of the conventional and intermediate radical termination reactions or for a cause for rate retardation being different from intermediate termination. However, when performing a statistical analysis of the experimental data available, this conclusion has to be put into perspective: The calculated uncertainties of ± 5.5 and ± 6.5 L/mol, respectively, correspond to the 95% confidence intervals. The mean values of the measured retardation parameters indicate a slight increase of the rate retardation effect in the CDBmediated styrene polymerization when using fluid CO 2 as the solvent. However, the confidence intervals (95%) of the ρ-values for the toluene and CO 2 systems overlap and a detailed statistical analysis of the data arrives at a P value of 0.065. That is, if the overall slopes were identical, there is a 6.5% chance of randomly choosing data points with slopes that are different. It can hence be concluded that the difference between the slopes is not significant. Since the slopes are not significantly different, it is possible to calculate one slope for all the data: The pooled ρ-value results to be 30.9 L/mol. This value is in very good agreement with previously reported data [22] .
Very similar relative changes in the rate of polymerization when employing different RAFT agent concentrations (expressed by the nearly identical retardation parameters ρ) for both the CO 2 and toluene systems would be compliant with intermediate radical termination being the cause for rate retardation in RAFT within the framework of a kinetic scheme in which the RAFT intermediate radical only terminates with a growing macroradical. However, it should be noted that as long as the complete kinetic scheme of CDB-mediated RAFT polymerization is not completely understood in depth, a reasonable estimation of the extent of the expected changes in the rate retardation for other causes of rate retardation (e.g., reversible intermediate termination, slow fragmentation of RAFT intermediates) when using fluid CO 2 is difficult (i.e., the effect may be too small to be experimentally determined). The absence of a significant influence on rate retardation in CDB-mediated styrene polymerization does hence not prove any termination reaction of the intermediate radical, but provides additional experimental evidence that may be used to test any other hypothesized theory, which tries to explain rate retardation in RAFT.
Chain length distributions
The generated polymer was subjected to size-exclusion chromatography to obtain SEC-derived molecular weight distributions. Fig. 2 depicts the evolution of the molecular weight distribution with polymerization time for polystyrene from a CDBmediated RAFT polymerization in fluid CO 2 . The molecular weight of the generated polymer grows steadily with time indicating the controlled behaviour of the RAFT system in CO 2 . Polydispersities of the analyzed polymer samples were between PDI = M w /M n = 1.06 and 1.34, depending on the employed RAFT agent concentration (see Tab. 1). These experimental data demonstrate the excellent control in CDB-mediated styrene polymerization when using fluid CO 2 as the solvent. The evolution of the number-average molecular weight, M n , with conversion is presented in Fig. 3a for both polymerizations in toluene and in fluid CO 2 .
The experimental M n values do not exhibit any significant dependency on the solvent used, i.e., the values deduced from the toluene systems and from the CO 2 systems are almost identical. In conclusion, no significant effect of fluid CO 2 on the control in this RAFT polymerization system may be observed. The data can well be described by the theoretical values (deduced from rationing the product of the fractional monomer conversion, the monomer concentration and the molecular weight of styrene with the initial RAFT agent concentration), indicating the excellent control that CDB exerts on styrene polymerization in both fluid CO 2 and toluene.
Tab. 1. Experimental data (reaction time, t; monomer conversion, X; number-average molecular weight, M n ; peak molecular weight, However, for the lowest RAFT agent concentration a deviation from the theoretical values to lower molecular weights can be observed. Such deviations are occasionally observed in RAFT polymerizations and were generally attributed to SEC calibration errors [24, 25] . The fact that we used a polystyrene standard calibration and that the effect is dependent on CDB concentration renders this explanation unlikely. When low concentrations of RAFT agent are employed in a controlled polymerization, the ratio of 'dead' polymer, generated via conventional termination reactions, and 'living' polymer, still carrying a RAFT end group, is shifted to higher values. Because the 'dead' polymer is generated constantly throughout the experiment, i.e., at all chain lengths up to the degree of polymerization of the 'living' polymer, a substantial amount of low molecular weight polymeric material can be expected in polymerizations employing low concentrations of RAFT agent. The M n value -which is especially affected by low molecular weight material -is consequently shifted to smaller values with concomitantly increasing polydispersities.
To characterize the 'living' fraction of the polymer only and to effectively separate the influence of 'dead' polymer, we plotted the peak molecular weight, M p , versus conversion (see Fig. 3b ). In an ideally controlled polymerization the chain length distribution obeys a Poissonian distribution function with very low polydispersity (i.e., PDI = 1 + 1/P n with P n being the number-average degree of polymerization and P n >> 1). When considering long polymer chains the peak molecular weight and the numberaverage molecular weight in such a distribution are nearly identical. Inspection of Fig.  3b shows that the peak molecular weight, M p , is indeed a reasonable measure for the number-average molecular weight of the 'living' fraction of the polymeric material, which is less effected by 'dead' polymer. This approach provides additional information on the livingness of the system, even when low concentrations of RAFT agent are used.
In order to quantify the controlling ability of CDB toward styrene in fluid CO 2 as compared to the toluene system, we characterized the molecular weight distributions via a novel approach utilizing peak widths instead of polydispersities: The addition reaction of a radical to the dithioester group -described by the rate coefficient k β (see Scheme 1) -is the reaction that mainly governs the control of the radical RAFT polymerization [12] , and consequently the peak width of the generated polymer. This reaction has to be relatively fast to effectively compete with the propagation and termination reaction (k β = 4·10 6 L·mol -1 ·s -1 [8] ) with k β approaching conventional diffusion-controlled termination reactions. Inspection of Scheme 1 demonstrates that the main equilibrium of the RAFT mechanism involves the reaction of two macromolecular species: the macroRAFT agent (3) and the growing macroradical. It may hence be envisaged that fluid CO 2 enhances the above described addition reaction due to an increased mobility of the macroradicals.
To probe, whether fluid CO 2 influences the addition reaction of radicals to the RAFT agent, we quantified the peak width of the molecular weight distributions. The polydispersity is not an appropriate measure for the peak width when a small effect wants to be determined. In addition, the enhanced termination reaction in CO 2 systems produces an increasing amount of 'dead' polymeric material, as can be seen in Fig. 4 : Both the low molecular weight (continuously distributed) and the high molecular weight regime (peak at twice the peak chain length) display an increased amount of 'dead' polymer in the CO 2 system. This observation is in full accordance with the assumption of an enhanced termination reaction when fluid CO 2 is used as a solvent, which increases the mobility of the macroradicals. Assuming identical peak widths of the 'living' polymer', the PDI values in the CO 2 systems are consequently always larger than in the toluene system obscuring any change in the actual peak width. Inspection of Tab. 1 indicates that the evaluated PDI values of polymeric material obtained from styrene polymerizations in fluid CO 2 are still very low, especially for higher RAFT agent concentration. The Gaussian function is a good approximation for the Poissonian distribution at high degrees of polymerization. Additionally, the true molecular weight distribution is subject to a Gaussian broadening in the SEC set-up due to axial dispersion. The Gaussian fit is hence well suited for describing the peak shape of the experimental molecular weight distributions. It can be clearly seen that the peak widths are constantly increasing with increasing conversion and with molecular weight, due to the increasing absolute value of the standard deviation of the Poissonian distribution, which is given by σ = P 0.5 (with P being the degree of polymerization). Additionally, the peak widths are smaller at higher RAFT agent concentrations reflecting the increased control that is exerted on the system, i.e., the rate of radical addition to the RAFT agent is increased and can effectively compete with the propagation reaction.
Peak widths of RAFT polymer samples generated in fluid CO 2 and in toluene, respectively, are nearly identical with a slight tendency of narrower peaks in the case of CO 2 as the solvent (see Fig. 5b ). This may be an indication of the addition reaction of macroradicals to the dithioester group being influenced by an increased mobility in the system. This observation is additionally underpinned by the fact that the PDI value of the polymeric material obtained from a RAFT polymerization using fluid CO 2 is generally almost unchanged in comparison to the situation with polymer from the toluene system (see Tab. 1), although an increase of the PDI for the CO 2 system would have been anticipated. The broadening effect in the case of CO 2 as the solvent due to additional 'dead' polymer seems, at least partly, to be balanced by narrower 'living' peaks. The effect of increased control when using fluid carbon dioxide as the solvent may be even more pronounced in the case of high monomer-to-polymer conversion and with monomers with even higher addition rates, such as acrylates. 
Conclusion
Reversible addition fragmentation chain transfer (RAFT) polymerizations of styrene in fluid CO 2 have been carried out at 80°C and 300 bar using cumyl dithiobenzoate as the controlling agent in the concentration range 3.5·10 -3 to 2.1·10 -2 mol/L. The overall polymerization rates were observed to be slower due to an enhanced termination reaction between the growing macroradicals when using CO 2 as the solvent in comparison to polymerization in toluene. Rate retardation depending on RAFT agent concentration was observed in both solvent systems with no significant difference between RAFT polymerization performed in fluid CO 2 and toluene, respectively. Full chain length distributions were analyzed with respect to peak molecular weights, indicating the successful control that cumyl dithiobenzoate is exerting on radical styrene polymerization in fluid CO 2 . An evaluation of the peak widths of the molecular weight distribution may indicate a minor enhancement of the addition reaction of macroradicals to the dithiobenzoate group.
The present study demonstrates the general applicability of fluid CO 2 as a solvent for RAFT polymerizations. It may hence be used for further mechanistic studies into the RAFT polymerization process, where a selective change of diffusion controlled reactions seems desirable. We will perform RAFT polymerizations of acrylates, which may exhibit a more pronounced CO 2 effect due to a very strong rate retardation effect and due to the extremely fast addition reaction of the radical to the RAFT agent. Fluid CO 2 will also be employed in RAFT polymerizations, where the active sites of the reaction are congested (e.g., RAFT polymerizations up to high conversions and star polymer generation via the RAFT process), and an increased mobility of the participating species is favourable. These experiments are currently underway in our laboratories and will be presented in forthcoming studies.
Experimental part
Styrene (99%, Merck-Schuchardt) was purified by passing through a column filled with basic Al 2 O 3 . The RAFT agent cumyl dithiobenzoate (CDB) was prepared using the method of Oae et al. [26] using n-hexane as the solvent. The purity of the RAFT agent was close to 99% as verified by 1 H NMR analysis. The initiator 2,2'-azoisobutyronitrile (AIBN, Merck-Schuchardt, 99%,) was recrystallized from diisopropyl ether. Carbon dioxide (CO 2 , grade 4.5, Messer Griesheim), tetrahydrofuran used as eluent in size exclusion chromatography (THF, Carl Roth, Rotipuran >99.5%, p.a., stabilized with 2,6 di-tert-butyl-4-methylphenol), methanol (Fluka, p.a.), and hydroquinone (Merck-Schuchardt, > 99% purity) were used as received.
The experimental set-up for preparation of the reaction mixtures consisting of monomer, CO 2 , initiator and RAFT agent has already been detailed [27] . The major components are an HPLC pump, a pressure intensifier, an optical high-pressure cell, and a mixing autoclave equipped with a magnetic stir bar and with a cooling device that keeps the mixture at 0°C and thus prevents polymerization. By means of the pressure intensifier, the initial reaction mixture was fed into the optical high-pressure cell equipped with sapphire windows. The cell was subsequently disconnected from the pressure branch and inserted into the sample compartment of a Fourier-transform IR/NIR spectrometer (IFS 88, Bruker, Karlsruhe, Germany). IR/NIR spectra were recorded using a tungsten halogen lamp, a silicon-coated CaF 2 beam splitter, and a liquid nitrogen cooled InSb detector. Monomer conversion as a function of time was derived from NIR spectra in the region of the first C-H stretching overtones at around 6140 cm -1 . Polymerizations in toluene were carried out in an internal cell consisting of a Teflon tube closed by a quartz window on each side. In order to control pressure and temperature, the internal cell was inserted into an optical high-pressure cell [28] .
Initial monomer concentration for reaction mixtures with CO 2 at 300 bar and 80°C were calculated from the known mole fractions of monomer and CO 2 under the assumption of a negligible excess volume of the mixture. The validity of this procedure has been proven for butyl acrylate/CO 2 systems, where the estimated monomer concentration, [M] , is compared to [M] from quantitative spectroscopic measurement [27] . Monomer concentrations for polymerizations in toluene are calculated from the monomer and solvent densities at 80°C and 300 bar. The initial monomer concentration was 6.49 mol/L and the initiator concentration was 2.6·10 -3 mol/L -1 in all polymerization experiments. The initial concentration of CDB was 0, 3.5·10 -3 , 7.0·10 -3 , 1.2·10 -2 and 2.1·10 -3 mol/L. The conversion was monitored by NIR spectroscopy. To stop the polymerizations after predetermined time intervals, the reaction solution was poured into methanol containing a small amount of hydroquinone to precipitate the polymer. The polymer was collected after evaporating off the residual monomer and methanol.
Molecular weight distributions were determined by means of size exclusion chromatography using a Waters 515 HPLC pump, Waters 2410 refractive index detector, PSS-SDV columns with nominal pore sizes of 10 5 , 10 3 and 10 2 Å, and tetrahydrofuran (THF) at 35°C as the eluent. The SEC set-up was calibrated against polystyrene (PS) standards of narrow polydispersity (MW = 410 to 2 000 000) from Polymer Standards Service, Mainz.
Statistical analysis was performed using GraphPad Prism ® .
